Abstract. The present study was performed to determine an optimal time-point for monitoring the concentration of the immunosuppressive drug cyclosporin A (CsA) in heart transplant patients and its efficacy in the prevention of transplant rejection. A total of 32 transplant recipients were randomly assigned for three treatment approaches. Recipients in groups A (n=11), B (n=13) and C (n=8) received oral administration of CsA at doses of 3.2, 3.5 and 4.4 mg/kg, respectively. The plasma CsA concentrations were examined at 2 h intervals over 12 h. Furthermore, their correlation with the 4 h pharmacokinetic profiles as the area under the plasma CsA concentration vs. time curve (AUC 0-4 h ) were calculated The efficacy of CsA in inhibiting cardiac allograft rejection was assessed at 2 h after oral CsA intake (C2) and adverse events of the drug were examined in the C2-monitored recipients. The plasma CsA concentration rapidly increased in most recipients with a peak level detected at ~2 h after dosing. Regression analysis revealed that among all time-points assessed, the CsA had the highest correlation with the AUC 0-4 h at C2. At C2, increasing CsA doses exhibited a positive association with the measure of AUC 0-4 h . The efficacy of increasing CsA target levels at C2 in preventing heart transplant rejection was comparable, as the survival rate was 100% in all of the treatment groups. However, the proportion of recipients with side effects in group A was obviously lower than that in the other two groups. In conclusion, C2 is an ideal time-point for monitoring plasma CsA levels with a utility for individualising the next scheduled dose for each patient to ensure that target levels are maintained and achieve a high efficacy and safety of CsA therapy in heart transplant recipients (clinical trial no. 12002610).
Introduction
Heart transplantation (HT) is a therapeutic option for patients with end-stage heart or coronary artery disease when all other treatments have failed (1, 2) . The use of immunosuppressive regimens following HT has demonstrated improved graft longevity through reduction of early graft loss due to acute rejection (3, 4) . However, most immunosuppressive drugs cause a large spectrum of adverse effects and increase the risk of malignancy, which contributes to a leading cause of mortality in HT patients (5, 6) .
Cyclosporin A (CsA) is an immunosuppressant medication commonly used for the prophylaxis of graft rejection with improvement in long-term survival (7, 8) . Therapeutic drug monitoring of CsA in transplant patients has markedly evolved in routine clinical practices incethis drug requires dosage individualization (9, 10) . Although monitoring of the CsA concentration at 2 h after administration (C2) is recommended for the evaluation of drug exposure in transplant recipients (11, 12) , the optimal time-point for monitoring CsA target levels remains controversial in HT patients (13) .
The aim of the present study was to explore the optimal time-point for CsA concentration monitoring in the long-term treatment of HT patients. The results confirm that the C2 approach serves as a clinical tool to monitor CsA target levels and the occurrence of adverse events in HT recipients.
Materials and methods

Patients and inclusion criteria.
A total of 32 patients who received HT surgery between June 2012 and February 2014 at the Capital Medical University Affiliated Anzhen Hospital (Beijing, China) were recruited for the present study. These patients included 25 males and 7 females aged between 22-53 years (median age, 37.5 years). The patients' characteristics and the etiologies of heart failure were evaluated. The left ventricular size and function, evaluated as the left ventricular end diastolic diameter (LEVDD) and ejection fraction (EF), are presented in Table I . The major inclusion criteria for the recipients were as follows: i) No hypertension or hyperlipidemia diagnosed with in 6 months prior to the HT operation, and no medical history there of; ii) blood glucose levels within the normal range over 6 months prior to the operation; iii) normal results in liver and kidney function tests and iv) no contraindications for steroids, mycophenolate mofetil (MMF) and CsA. The transplant hearts were obtained from organ donors who were Chinese citizens with brain death as defined by The Red Cross Society of China.
Therapeutic procedures. The subjects were assigned to three groups according to their plasma CsA levels at C2 after an initial dose of CsA (4 mg/kg/day) was given post-operatively. After one week of treatment, the recipients in groups A, B and C received oral CsA (Neoral, Novartis, Switzerland) at the doses of 3.2, 3.5 and 4.4 mg/kg once a day, respectively, for 6 consecutive months. In the following 6 months, CsA treatment was maintained at the doses of 2.8 mg/kg in group A, 3.1 mg/kg in group B and 3.9 mg/kg in group C, respectively. The target plasma concentrations of CsA (ng/ml) at C2 in the patient groups are presented in Table II . All patients were simultaneously administered oral prednisone (Douglas Pharmaceuticals Ltd., Auckland, New Zealand) at 60 mg/day for 15 days and gradually reduced to 20 mg/day until the end of the study. MMF was purchased from Hoffmann-LaRoche (Basel, Switzerland) and administered to patients at 500 mg twice a day during the entire study.
Preparation of samples and analysis of CsA concentration.
Blood samples obtained from patients were prepared following the manufacturer's protocol and CsA concentrations in samples were evaluated using a fluorescence polarization immunoassay (Abbott Pharmaceutical Co., Ltd., Lake Bluff, IL, USA). In brief, 2.0 ml venous blood was collected at different time-points at 2-h intervals over 12 h after oral administration of CsA. Following lysis and precipitation of blood cells, the supernatants were collected after the heparin anti-coagulated blood samples were centrifuged (9,000 x g for 5.0 min at 4˚C). For pharmacokinetic analysis, quantification of the immunosuppressant CsA in plasma was performed by a TDxFLx-SYSTEManalyzer (Abbott Laboratories, Irving, TX, USA).
Sample collection was performedby collecting serial blood samples over a limited period (0-12 h) after administering a single dose of CsA. The area under the plasma CsA concentration versus time curve (AUC) was calculated to estimate the extent of drug absorption after dosing (14) . In the presentstudy, the CsA levels at specific time-points were compared with the 4-h pharmacokinetic profiles (AUC 0-4 ) from the recipients, since the latterapproach to monitor CsA exposure has been used in immunosuppressive regimens (13, 15) .
Myocardial biopsy. Endomyocardial biopsy (EMB) has been proven to be a diagnostic tool for the surveillance of cardiac allograft rejection and identification of myocardial diseases (16) . EMB was performed in a supine position with local anesthesia, and the biopsy was performed through a catheter threaded into the patient's heart through the jugular vein under ultrasound guidance. The clinicians used moving images to guide the catheter to the targeted area. Once in position, a special device with jaws on the tip was used to remove small pieces of tissue from the heart muscle (16, 17) .
The histological grades of organ rejection in EMB specimens were classified according to the International Society for Heart and Lung Transplantation (ISHLT) (17) .
Clinical observation of the efficacy and safety of the immunosuppressive therapy. The efficacy of CsA in the management of HT recipients who were receiving combination therapy with two drugs (MMF, 500 mg twice a day and prednisone, 20 mg/day) at the same dosages and time was examined according to the survival rate of HT patients and the proportion of patients with adverse events. Since the survival rates vary with the length of time post-HT, the rates were expressed as a percentage of the population proportion to the survivors only, at one year after HT.
Adverse events associated with the use of CsA for the prophylaxis of cardiac allograft rejection were examined. They mainly included hypertension, diabetes mellitus, hyperlipidemia and renal in sufficiency diagnosed by a high serum creatinine level (>133 µmol/l). The incidence of side effects was expressed as the percentage of affected subjects in each group.
Statistical analysis.
Values are expressed as the mean ± standard deviation and as a percentage/distribution within the study cohort. Statistical analysis was performed using SPSS version 21.0 (IBM Corp., Armonk, NY, USA). One-way analysis of variance was implemented for comparison of independent variables (Tukey's test). The correlation between the plasma CsA levels at specific sampling time-points and the AUC 0-4 was estimated by calculating Pearson's correlation coefficient (r 2 ). The χ 2 test was performed to analyze the significance of population distribution among the grouped recipients. P<0.05 was considered to indicate a statistic all significant difference.
Results
Pharmacokinetic profile of CsA absorption. The effect of drugs is frequently associated with their concentration in the blood; hence it is useful to establish a concentration-time association after a single administration of CsA. Changes in the plasma CsA concentration in HT recipients (n=32) were observed at 2 h intervals over a period of 12 h and CsA levels were obtained just before drug administration. The pharmacokinetic profile of CsA is presented in Fig. 1 , displaying the mean plasma CsA concentration in the transplant recipients. Most patients exhibited similar variation of CsA plasma levels during the 12-h period following administration. Of note, sampling between 0 and 4 h appeared to provide a reliable indication of total CsA exposure. In general, the plasma CsA concentration-time curve of the recipients exhibited an increasing trend initially and reached a peak level at 2 h following administration, after which the levels dropped again to reach a stable, lower level from 6-12 h.
Correlation between CsA and AUC. CsA concentrations were measured by collecting blood samples over the time period of 0-12 h after dosing at 2-h intervals. The r 2 value was calculated for the correlation between plasma CsA levels taken at specific time-points and the AUC 0-4 h (Fig. 2) . According to the regression analysis, the r 2 values varied significantly for CsA concentrations detected at different blood sampling times ( Fig. 2A) . The r 2 values were 0.29 at C0, 0.38 at C1, 0.84 at C2, 0.57 at C4, 0.66 at C6, 0.59 at C8, 0.41 at C10 and 0.31 at C12. Of note, the highest r 2 value was obtained at C2, thereby indicating the applicability of this time-point for monitoring the CsA absorption in the transplant recipients.
The correlation of the plasma CsA concentration examined by measurement of the AUC 0-4 h (ng/h/ml) with that determined at C2 is displayed in (Fig. 2B) . The levels of CsA at C2 were significantly enhanced with increasing doses of the immunosuppressive agent and ranged from 600 to 1,200 ng/ml in these HT recipients (n=32). In parallel, the AUC 0-4 h values (ng/h/ml) displayed a dose-dependent increment in the CsA-treated recipients. A positive correlation between the CsA levels at C2 and the AUC 0-4 h was determined in the study cohort with an r 2 value of 0.84 (P<0.05). It was therefore indicated that the C2 monitoring strategy is suitable for assessing the target levels of CsA in HT recipients at one time-point.
Clinical significance of CsA therapy. Survival rates and adverse events for recipients with HT rejection were assessed in line with the strategy of CsA monitoring at C2 and the results are presented in Fig. 3 . The efficacy of CsA as an immunosuppressive therapy was observed to be excellent with a survival rate of 100% for all patients within the first year after HT (Fig. 3A) . On further analysis by cardiac pathologic examination, no acute cellular rejection was detected in the transplanted cohort during the first six months according to standardized cardiac biopsy grading. In the following six months, immune responses for certain recipients with ISHLT grades I-II were notably weakened and gradually recovered to normal conditions in the CsA-treated recipients after increasing the MMF dosage to 1.0 g twice a day. The recipients who received CsA therapy had a survival rate of 100% in the present clinical trial.
The most common adverse events in the CsA-treated patients were observed by using the C2 monitoring approach. Clinical manifestations of the side effects mainly included hypertension, diabetes mellitus, hyperlipidemia and renal insufficiency in the recipients (Fig. 3B) . The frequencies of adverse events are expressed as a percentage of affected patients in each recipient group. The occurrence of hypertension, hyperlipidemia and renal insufficiency was relatively common in the study cohort, affecting 18.2, 18.2 and 18.2%, in group A (n=11), 23.1, 30.8 and 23.1% in group B (n=13) and 37.4, 50.0 and 62.5% in group C (n=8), respectively. Incidence of diabetes mellitus was had a rate of 9.1% in group A, 7.7% in group B and 12.5% in group C. Statistically significant differences in the occurrence of hypertension, hyperlipidemia and renal insufficiency between group C and either group A or B were identified (P<0.01). In addition, there was a statistically significant difference in incidence of hyperlipidemia between groups A and B (P<0.01).
Blood creatinine is a fairly reliable indicator of renal health. The dependency between the CsA levels at C2 and the creatinine content at the same time-point was therefore assessed in the cohort of HT recipients. The creatinine concentration (µmol/l) in the blood at C2 was significantly enhanced with the CsA dose increasing from 400 to 1,200 ng/ml (Fig. 3C) . Furthermore, linear regression between the two variables was clearly exhibited in the cohort (r 2 =0.79 and P<0.05).
Discussion
The pharmacokinetic profile of CsA was first determined in HT recipients after a single administration of the immunosuppressant based on the fact that CsA has a relatively narrow therapeutic window (18) . The results of the present study indicated that oral CsA was rapidly taken up into the recipients' blood with a peak level detected at ~2 h after administration. The pharmacokinetic analysis of CsA indicated that the plasma CsA concentration rapidly increased in the transplant recipients, followed by a sharp drop in CsA levels. The present results were consistent with those of previous studies reporting that the time window for CsA therapeutic drug monitoring is narrow (19, 20) . Given that plasma the CsA concentration varied cross the serial sampling time-points with a peak value of the CsA level observed at 2 h after administration, it is indicated that C2 is an optimal sampling time-point, and is superior to the other time-points for monitoring the efficacy of CsA in inhibiting HT rejection.
To explore if a blood sample taken at 2 h after oral administration of CsA is a better estimate of the AUC 0-4 h than other time-points in HT recipients, the r 2 value for the correlation of the AUC 0-4 h with the plasma CsA concentration at each sampling time-point from 0 to 12 h was determined. The values of the Pearson's Correlation indicated that at C2, the r 2 value was markedly higher than those at the other time-points, and this high correlation suggested that the CsA target levels at this single time-point reflected the drug exposure, therefore rendering it suitable for therapeutic Table II . Plasma cyclosporine A concentration (ng/ml) at C2 in heart transplant recipients.
Group
1st six months 2nd six months A 600-800 400-600 B >800-1,000 >600-800 C >1,000-1,200 >800-1,000 Values are expressed in n (%) or the mean ± standard deviation. Statistical analysis indicated no significant differences in the parameters between any two groups (P>0.05). EF, ejection fraction; LEVDD, left ventricular end diastolic diameter.
monitoring of the immunosuppressant levels. The utility of the AUC 0-12 h has been studied in transplant recipients receiving CsA therapy (21, 22) ; however, this monitoring approach is not clinically feasible due to the added time, expense and inconvenience for transplant recipients. The area under the curve over 4 h after administration has been conceived for monitoring of the plasma CsA concentration in patients receiving immunosuppressive therapy (15, 23) . The results of the present clinical trial demonstrated that the C2 levels exhibited a good correlation with the measured AUC 0-4 h value, confirming that CsA monitoring at C2 not only accurately reflected the drug absorption but the implementation of this strategy also reduces cost and assessment time in the long-term management of HT recipients. While monitoring at C2 has been applied for HT recipients in clinical practice (12, 24) , efficacy of this type of monitoring remains controversial (25) (26) (27) . To verify the feasibility of the C2 strategy in therapeutic drug monitoring, a regression analysis was employed to evaluate the correlation between the CsA level at C2 and the AUC 0-4 h , which was during the absorption phase of CsA in the recipients. The present results indicated that the CsA levels were elevated in parallel with the AUC 0-4 h with increasing doses of CsA administered, and at C2, the highest correlation was obtained with an r 2 value of 0.84. These results indicated that monitoring at C2 may provide a suitable means of determining subsequent dosing in clinical trials. Due to the high correlation between the drug level at C2 and AUC 0-4 h in CsA-based immunosuppression, it led us to speculate that C2 may serve as a useful tool for monitoring drug absorption in HT recipients as well as providing information for individualized drug dosing for each patient.
HT recipients who received CsA were grouped according to their plasma CsA levels. The utility of CsA measurement at C2 in achieving optimal dosing for the prophylaxis of cardiac allograft rejection was examined in the grouped recipients within one year of oral administration of CsA. The results indicated that in the cohort of recipients, a graft survival rate of 100% was achieved at the indicated time period (1 year) following HT, suggesting that C2 may be considered as a suitable time-point to assess the efficacy of the immunosuppressant in a broad concentration range for the inhibition of organ rejection. Previous studies have reported that a high survival rate of HT of >90% was achieved in the first year after surgery (28) (29) (30) , which is similar to the present results. However, it is worth noting that this survival rate is only for one year after HT, and that this time is critical to the survival of the recipients. It has been previously reported that a CsA blood concentration of 1,000-1,400 ng/ml achieved satisfactory efficacy and safety over six months after HT (31) . The present results indicated that intervention with CsA at low plasma concentrations (600-800 ng/ml) had a similar therapeutic effect to that achieved with higher doses (800-1,200 ng/ml) in the patients monitored at C2, providing evidence that managing the target drug concentration at a relatively low level was necessary in the monitored recipients. Additionally, the lower dosing of the immunosuppressant and less frequent sampling reduced the overall cost during patient treatment.
The incidence of adverse events, which mainly included hypertension, diabetes, hyperlipidemia and renal insufficiency, was examined in the grouped recipients since the immunosuppressant has a narrow therapeutic range and only a small difference between toxic and therapeutic concentrations in clinical practice (19) . With increasing CsA levels, the occurrence rate of hypertension, hyperlipidemia and renal impairment was significantly higher in the groups B and C than that in group A, indicating a high incidence of adverse events at higher doses of CsA. Consequently, the monitoring of CsA concentration at C2 in clinical practice may serve as a sampling strategy for re-adjusting the dosage of the immunosuppressant to reach minimal toxicity in the recipients.
The principal adverse reaction to CsA therapy in transplant recipients is renal dysfunction, so that kidney damage caused by oral CsA requires medical attention (32, 33) . Treatment with an increasing doses of CsA resulted in elevated creatinine levels, which were correlated with the CsA level at C2 (r 2 =0.79). Since the peak level of CsA is associated with nephrotoxicity, it may be concluded that monitoring at C2 is a reliable approach for adequately observing the occurrence of adverse events, and measurement of CsA at C2 may offer a strategy for reducing the incidence of side effects through providing information for adjusting CsA dosing.
Although previous studies have also reported similar benefits of CsA monitoring at C2 (9, 12, 24) , the present study is of particular importance with regard to the adjustment of the drug treatment regimen for HT recipients, emphasizing that low plasma levels of CsA (400-600 ng/ml) combined with prednisone and MMF achieved a highly satisfactory efficacy and reduced the risk of adverse events during the maintenance treatment of recipients with monitoring at C2. However, the small number of recruited patients is a limitation of the present study. Consequently, a study with a larger cohort is necessary in the future.
In conclusion, C2 is the optimal single time-point to measure CsA in HC recipients and is representative of the AUC 0-4 h . C2 monitoring may serve as a reliable technique to optimize the efficacy and safety of CsA therapy by allowing for adjustment of the individualized drug dosage for each recipient in the long-term treatment with the immunosuppressant CsA.
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